metrical three-dimensional theory of elasticity. The stress produced on the hub and the load factor are measured by strain gages when an internal pressure is applied to the pipe flange connections. The analytical results are compared with the experimental results. In addition, the effects of the stiffness and the thickness of raised face metallic gaskets on the contact stresses, the effective gasket seating width and the moment are discussed.
2 Theoretical Analysis 2.1 Analysis of Contact Stresses on the Gaskets. Figure  1 shows a pipe flange connection subjected to an internal pressure, in which a raised face metallic flat gasket is interposed between a couple of pipe flanges and is fastened with an initial clamping force F f by A^ sets of nuts and bolts. In order to analyze the distribution of contact stresses on the connection in the initial clamping, a model for analysis shown in Fig. 2 (a) is adopted; namely, the hubs of pipes, the flanges and the gasket are respectively replaced with the hollow cylinders [I] , [II] , and [III] . The inner diameter, the outer diameter, the thickness, Young's modulus and Poisson's ratio of the hollow cylinders [I] , [II] , and [III] are designated as 2a u 2b\, 2h x , E u v u 2o 2 , 2b 2 , 2h 2 , E 2 , i>2, 2a 3 , 26 3 , 2h it E^ and p 3 , respectively. The width of the bearing surface is designated as 2c and the pitch circle diameter as 2d. It is assumed that the initial clamping force Ff x N acts on the upper surface of the hollow cylinders [II] (d -c < r < d + c) as a uniform pressure Pi (Pi = F/ x N/A-wdc) annularly, and that the mean diameter between the maximum and the minimum diameter of the hub is used as the outer diameter of the hub of pipes. Expanding the uniform pressure Pi due to the initial clamping force into Bessel functions Co(y s ll r), the boundary conditions are expressed as follows: (/) u is the deformation in the r direction, (//) w is the deformation in the z direction, and (Hi) the superscripts I, II, and III correspond to the hollow cylinders (/j) The case where internal pressure is applied 2.2 Analysis of Load Factor. As shown in Fig. 1 , when an internal pressure P is applied to pipe flange connections fastened with an internal clamping force F j , an increment F I of bolt axial force is produced in each bolt. The relationship between the increment F I of bolt axial force and the internal pressure P, (the load factor per bolt) is given by Eq. (6) (Sawa et al., 1986; Sawa and Kumano, 1985) , using the axial force
WIN kl+keg Kpi
In the case where a separation of contact surface increases with an application of the internal pressure P, the load factor is estimated by analyzing the values of Keg' and K pl '
Analysis of Bending Moment Produced in Bolts.
With an application of the internal pressure P, a bending moment M b is produced, as well as an increment F I of bolt axial force. Here, the method to obtain the bending moment M b is given in the references (Sawa et al., 1986; Sawa and Kumano, 1985) . The maximum increment el max is expressed as Eq. (7), taking account of the bending moment
where A b is the cross-sectional area of bolt axis and Z is the section modulus. where
The distributions of contact stresses in the case where the internal pressure is applied to the connection are estimated by superposing the case of Fig. 2(a) on the case of Fig. 2(b) . It is assumed that the axial force W' (W' = 7ra12p) acts on the upper surface of the hubs as a uniform pressure P 2 , as shown in Fig. 2 
(b).
3 Experimental Method Figure 3 shows dimensions of pipe flanges, gaskets and bolts used in the experiments in order to obtain the load factor and the stress produced on the hubs. The pipe flanges shown in Fig. 3 (a) are manufactured in conformity to the basic dimensions of JIS B 2216-40 kg/cm 2 steel pipe flanges and they are made of steel for structural use (S45C, JIS) and the nominal diameter is 50 mm. Figure 3 (b) shows dimensions of gaskets and their thickness 2h 3 is taken as 3 mm and 5 mm. The materials used for gaskets are mild steel (SS41, JIS) and aluminum (AI-H, JIS). Figure 3 (c) shows dimensions of bolts used in the experiment. The size of bolts used is M16 and they are made of chromium molybdenum steel (SCM435, JIS). Two strain gages (Kyowa Electronic Instrument Co. Ltd., KFC-2-C l -ll) are attached to the shank of bolts in 180-deg phase. After a couple of the pipe flanges with the gasket are fastened with eight sets of nuts and bolts with the initial clamping force F j = 15 kN, an internal pressure is applied to the connection using an oil pressure pump (Riken Pressure Machine Co. Ltd., MP5C) as shown in Fig. 4 . Then, the magnitude of the internal pressure is measured with a pressure transducer (Kyowa Electronic Co. Ltd., PO-500KU), and the axial force and the max- Figures 6(a) and 7(a) show the effects of the ratio E x /E 3 of Young's modulus and the thickness of gaskets on the distribution of contact stresses in the initial clamping. The ordinate is the ratio of the contact stress u z to mean contact stress a zm , and the abscissa is the ratio of the distance r from the center to the inner radius a 3 of gaskets. Figures 6(a) and 7(a) show that the distributions of contact stresses tend to be uniform with an increase of E x /E 3 and of the thickness of gaskets. But it is seen that the separation of contact surface already begins at the inner circumference in the initial clamping under the boundary conditions (1)~(5).
Then, in order to estimate the effective gasket seating width and the moment arm which are standardized in the codes of JIS (1976) and so on, the distributions of contact stresses are obtained through trial and error, and are shown in Fig. 6(b) and Fig. 1(b) . The stresses in the initial clamping produced on the width (b 3 -a 3 ') of oblique lines are shown in Fig. 8 , and the value (b 3 -a 3 ') is defined as the effective gasket seating width b. Then, after determining a point on which the gasket force P 3 acts, the distance between the bolt axes and the point on which gasket force acts is defined as the moment arm tend to become larger with an increase of the ratio E x /E 3 and the thickness of gaskets. From the codes of JIS (1976), ASME (1981) and so on, the effective gasket seating width b and the moment arm A 3 are shown to remain constant, regardless of the material and the thickness of gaskets. It is seen that the difference between the results obtained from JIS (1976), ASME (1981), etc., and the results obtained by this study concerning M 3 (M 3 = P 3 x A } ) being produced on the pipe flange connections, is considerably sizable. Figure 9 shows comparisons of the numerical results with the experimental results on the load factor. The abscissa is the internal pressure P and the ordinate is the bolt axial force Ff + F,. The gaskets are made of aluminum and the thickness of 2h 3 = 5 mm. In this connection, a separation of contact surface has already occurred in the initial clamping (7y = 15 kN). When the internal pressure P is applied to the connection, the separation of contact surface grows and the increment of bolt axial force yields a curve. With a further increase of the internal pressure P, a leakage of the internal fluid, from the inner circumference of gaskets occurs, and the internal pressure does not increase. It is seen that the numerical results are consistent with the experimental results. Here, it is assumed that the leakage is caused in the analysis when the point of 98 percent of the basic gasket seating width begins to separate. Figure 10 shows the comparison between the analytical result and the experimental result concerning the maximum stress in Table 2 Effective gasket seating width b and moment arm A3 in the case where internal pressure is applied (dimensions are same as Fig. 9) (mm)
Comparison on the Load Factor.
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Pressure P MPa Fig, 10 Comparison in the case where bending moment is taken into consideration (dimensions are same as Fig. 9 ) Pressure Fig. 11 Stress produced on the hub of pipes in axial direction in the case where internal pressure is applied (dimensions are same as Table  3) bolts, taking into account a bending moment produced in bolts. The analytical result and experimental result are satisfactorily consistent. Also, the increment F, of bolt axial force obtained from the load factor is shown by an alternate long and short dash line. The maximum stress is larger than the stress obtained from the load factor. Therefore, when designing bolts, the maximum stress must be taken into consideration. The effective gasket seating width and the moment arm in the case of initial clamping are presented in Section 4.1. However, it is supposed that the effective gasket seating width b and the moment arm A 3 will be changed when the internal pressure is applied to the connections. When the internal pressure P is applied to connections, the effective gasket seating width b and the moment arm ^4 3 is obtained by the same way as Section 4.1, by superposing the stress distribution in initial clamping and the stress distribution when the internal pressure is applied. Table 2 shows the analytical results concerning b and A 3 . It is seen that the difference between the numerical results and the results obtained from JIS (1976), is substantial. Table 3 shows a relationship among the stress produced on the hub of pipes, the thickness and the material of gaskets in initial clamping (F f = 15 kN) . From the composition of gaskets has considerable effect on the stress produced on the hub. The stress produced on aluminum is larger than on mild steel. Also, it is seen that the stress produced on the hub becomes larger with an increase of the thickness. In contrast with this, the value from JIS (1976) code is held constant independent of the material and thickness of the gasket, and the value from JIS (1976) code deviates from the experimental and the numerical results. Here, the value of the stress obtained by the experiment is measured at A-A line (Fig.  5 ). Referring to JIS (1976) and so on, numerical calculations are done using the dimension of the hub of pipes as 2a } = 50 mm, 2bi = 90 mm, 2h, = 36 mm. Figure 11 shows the stress produced on the hub when the internal pressure P is applied to the connection. The ordinate is the stress produced on the hub a z and the abscissa is the internal pressure P. It is seen that the numerical results, taking into account the hub of the pipes, is satisfactorily consistent with the experimental results. On the other hand, it is shown that the result obtained from the formula in JIS (1976) code increases linearly and deviates substantially from the experimental result.
Comparison About a Stress Produced on the Hub of Pipes.
5 Conclusions This paper dealt with the characteristics of pipe flange connections with raised face metallic flat gaskets. The distribution of contact stresses, the load factor, the stress produced on the hub of pipes, the effective gasket seating width and the moment arm were all examined. The following results were obtained:
1 In order to analyze the distribution of contact stresses, a method of analysis was demonstrated using the three-dimensional theory of elasticity by replacing hubs of pipes, flanges and a gasket with finite hollow cylinders.
2 The load factor was analyzed and the analytical results were compared with the experimental results. They were satisfactorily consistent.
3 Concerning the stress produced on the hub, the analytical results were satisfactorily consistent with the experimental results. The results obtained from JIS (1976) code deviated substantially from the experimental results.
4 The effective gasket seating width and the moment arm were analyzed by using the distributions of contact stresses mentioned in 1 and the analytical results deviated from the results obtained from JIS (1976) code.
